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Zitterbewegung is a striking consequence of
relativistic quantum mechanics which predicts
that free Dirac electrons exhibit a rapid trem-
bling motion even in the absence of external
forces1,2. The trembling motion of an electron
results from the interference between the positive
and the negative-energy solutions of the Dirac
equation, separated by one MeV, leading to
oscillations at extremely high frequencies which
are out of reach experimentally. Recently, it
was shown theoretically that electrons in III-V
semiconductors are governed by similar equa-
tions in the presence of spin-orbit coupling3–5.
The small energy splittings up to meV result
in Zitterbewegung at much smaller frequencies
which should be experimentally accessible as
an AC current. Here, we demonstrate the
Zitterbewegung of electrons in a solid. We show
that coherent electron Zitterbewegung can be
triggered by initializing an ensemble of electrons
in the same spin states in strained n-InGaAs and
is probed as an AC current at GHz frequencies.
Its amplitude is shown to increase linearly with
both the spin-orbit coupling strength and the
Larmor frequency of the external magnetic
field. The latter dependence is the hallmark
of the dynamical generation mechanism of the
oscillatory motion of the Zitterbewegung. Our
results demonstrate that relativistic quantum
mechanics can be studied in a rather simple
solid state system at moderate temperatures.
Furthermore, the large amplitude of the AC
current at high precession frequencies enables
ultra-fast spin sensitive electric read-out in solids.
Early on, Schro¨dinger realized that a free relativistic
electron, described by the Dirac Hamiltonian, is pre-
dicted to oscillate in space resulting from the interfer-
ence of the positive and the negative-energy solutions
of the Dirac equation1,2. The frequency of this oscil-
lation is of the order of f = 2mc2/h ∼ 1020 Hz while
the amplitude given by the Compton wavelength λC ∼
10−13 m is extremely small. Both are inaccessible with
present experimental techniques. Moreover, the determi-
nation of electron’s position with precision better than
λC meets fundamental obstacles
6. Recently, it was sug-
gested that Zitterbewegung is not limited to free elec-
trons but is a common feature of systems with a gapped
or spin-split energy spectrum exhibiting a formal similar-
ity to the Dirac Hamiltonian2,7. An experimental simu-
lation of Zitterbewegung was demonstrated by a single
40Ca+ ion in a linear Paul trap8 and by a Bose-Einstein
condensate9,10 set to behave as a one-dimensional Dirac
particle. Electron Zitterbewegung has not yet been
demonstrated experimentally, but it has been predicted
in a variety of systems with a k-linear energy disper-
sion such as graphene11,12, topological insulators13 and
in III-V semiconductor nanostructures with spin-orbit
interaction3,5,7,14. The energy splittings in solid state
systems are many orders of magnitude smaller than those
of free Dirac particles, resulting in relatively low frequen-
cies which should be experimentally accessible.
Here, we probe the Zitterbewegung of electrons in n-
type InGaAs as an AC electric current. We trigger the
coherent electron Zitterbewegung (CEZ) by optical ini-
tialization of an ensemble of electron spins in the same
spin states and control the frequency of electron oscilla-
tions in real space by tuning the Larmor spin precession
frequency in an external magnetic field B.
Microscopically, the Zitterbewegung under study orig-
inates from the fact that, in quantum mechanics, the
electron velocity is not a conserved quantity in the pres-
ence of spin-orbit interaction (SOI), which can be readily
demonstrated. Considering k-linear spin-orbit interac-
tion and the Zeeman splitting of electron spin states in
the magnetic field B ‖ x results in the effective electron
Hamiltonian
H =
h¯2k2
2m∗
+
∑
i,j=x,y
βijσikj +
h¯
2
ωLσx , (1)
where m∗ is the effective mass, βij are the SOI con-
stants originating from Rashba and Dresselhaus SOI in
(001)-oriented structures, σi are the Pauli spin matrices,
ωL = gµBBx/h¯ is the Larmor frequency, g is the effec-
tive g-factor, µB is the Bohr magneton, x and y are the
in-plane axes, with z ‖ [001]. Besides the first term of
spin-independent kinetic energy, the effective Hamilto-
nian (1) mimics the Dirac Hamiltonian with all essential
elements: it comprises the SOI term which provides a k-
linear coupling of the states and the Zeeman term which
opens a gap at k = 0 and plays a role of the mass term
in the Dirac Hamiltonian. The Zeeman splitting is many
orders of magnitude smaller than the electron-positron
gap suggesting the emergence of Zitterbewegung at much
lower, here GHz, frequencies.
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Figure 1. Time-resolved detection of coherent electron Zitterbewegung as a high frequency AC current. a, Illustration
of coherent electron Zitterbewegung emerging in an external magnetic field Bx. Electron spin precession yields a periodic
displacement of the electrons along the x-direction which results in an AC current oscillating at the Larmor frequency. b, Sample
geometry and pulsed optical spin excitation. The electron spin ensemble is excited along the z direction by circularly polarized
ps laser pulses with a pulse repetition time of 12.5 ns. The high frequency current of the coherent electron Zitterbewegung in
InGaAs is transferred into the coplanar waveguide (CPW) by three bond wires and detected by a phase-triggered sampling
oscilloscope. Four different crystal directions can be contacted. c, Time-resolved traces of the current along the [110] crystal
direction recorded after pulsed optical excitation for σ+ and σ− polarizations at Bx = 1 T and T = 50 K. The inset shows
a close-up of both current traces. d, Time-dependent AC current Ispin = [I(σ
+) − I(σ−)]/2 as determined from both traces
in panel b demonstrating the spin precession driven coherent electron Zitterbewegung. e, Time-resolved Faraday rotation
measurement of electron spin precession under identical experimental conditions.
Calculating the electron velocity operator vx =
(i/h¯)[H,x], where [A,B] = AB − BA is the commuta-
tor of the operators A and B, and then the acceleration
operator v˙x = (i/h¯)[H, vx], we obtain to first order in
SOI
v˙x = −βyx
h¯
ωLσz . (2)
Equation (2) describes the coupling of the electron ac-
celeration v˙x and its spin projection sz = σz/2 which,
in turn, satisfies the operator equations s˙z = ΩLsy and
s˙y = −ΩLsz. Solution of the above dynamic equations
yields
vx(t) = vx(0)+
2βyx
h¯
[sy(0)(cosωLt− 1)− sz(0) sinωLt] .
(3)
The oscillating contribution to the velocity represents
the Zitterbewegung of ballistic electrons originating from
the interference of spin states separated by the Zeeman
gap. From Eq. (3) we estimate the amplitude of the
trembling as 20 nm.
In the samples we study, the electron transport is diffu-
sive rather than ballistic and we deal with an ensemble of
about 108 electrons. Averaging Eq. (2) over the electron
ensemble and including electron scattering by phonons
or static defects, which acts as a “friction force” slowing
down the electron velocity with no considerable effect on
the spin dynamics, we derive the relation to the average
electron velocity v¯x and the average spin projection s¯z
˙¯vx(t) = −2βyx
h¯
ωLs¯z(t)− v¯x(t)
τp
, (4)
where τp is the momentum scattering time. Equa-
tion (4) allows for studying the electron Zitterbewegung
by exploring the AC electric current density j
(ac)
x (t) =
enev¯x(t) caused by the coherent trembling motion of elec-
trons, where e is the electron charge and ne is the electron
density. For the case ωLτp  1, which is common and
realized in our experiments, solution of Eq. (4) yields
j(ac)x (t) = −2ene
βyx
h¯
ωLτps¯z(t) . (5)
In an external magnetic field the spin projection s¯z(t)
oscillates at the Larmor frequency ωL and so does the
3electron velocity even though no driving electric field
is applied. The CEZ current exhibits one distinct fre-
quency which linearly increases with increasing magnetic
field strength, despite the randomized electron momenta
present in the diffusive transport regime.
Equation (5) shows that CEZ emerges only during the
spin precession for ωL 6= 0. The temporal evolution of
the spin vector s¯(t) during spin precession and the pre-
dicted AC current is illustrated in Fig. 1a. Coherent spin
precession and coherent Zitterbewegung movement are
in phase, i.e., the largest current along the +x direc-
tion is obtained when the spin is pointing along +z (red
arrow). The current becomes zero at the spin rotation
angle pi/2 (Sz = 0, see yellow arrow in Fig. 1a), changes
the sign for larger angles, and again becomes strongest
along the −x direction for the angle pi (green arrow). To
verify this notion experimentally, we use circularly po-
larized ps laser pulses to optically create phase-coherent
spin ensembles in n-doped InGaAs (see Fig. 1b). Spin
precession is recorded according to Eq. (5) as a time-
resolved AC current. Time-resolution provides direct ac-
cess to both the amplitude and the phase of the AC cur-
rent which allow us to easily distinguish spin precession-
induced CEZ from other spin-driven charge currents as,
for example, expected from the spin-galvanic or inverse
spin Hall effects15,16. We use n-InGaAs as it exhibits
both Dresselhaus SOI due to strain by lattice mismatch
to the subjacent SI-GaAs substrate and Rashba-like SOI
due to partial strain relaxation17. By analyzing the AC
current strength along different crystal directions, we can
directly verify that j
(ac)
x (t) depends on the SOI strength
βyx as predicted in Eq. (5).
Circularly polarized ps laser pulses with photon en-
ergies of 1.41 eV near the fundamental band edge of
InGaAs are used to trigger an initial spin polarization
Sz(0) at t = 0 ns pointing along +z and −z directions
for σ+ and σ− polarizations, respectively18. Spins pre-
cess about an external magnetic field B ‖ x and the
generated current is probed through high frequency con-
tacts (see Fig. 1b)19,20. The time-dependent current sig-
nal measured at T = 50 K along the B field direction
(Bx = 1 T) that is oriented parallel to the [110] crys-
tal axis is shown in Fig. 1c for σ+ and σ− excitation.
For short t, it is dominated by a spin-independent back-
ground which decays on the electron-hole recombination
time of about 100 ps and is followed by some circuit
ringing due to internal reflections in the transmission
line. Spin precession is already visible in this data as
subtle periodic differences between both curves which
is shown in the close-up region in Fig. 1c. We can en-
hance the visibility of the spin-dependent signal by plot-
ting Ispin = [I(σ
+)− I(σ−)]/2 in Fig. 1d. An oscillating
current is clearly visible. It extends over several ns after
the laser-induced non-equilibrium electron-hole popula-
tion has recombined indicating that the spin angular mo-
mentum has been transferred to the resident electron en-
semble. To unambiguously demonstrate that the current
oscillations result from Larmor precession, we show time-
resolved pump-probe Faraday rotation (TRFR) data in
Fig. 1e which have been obtained under identical experi-
mental conditions. The time-resolved oscillating current
exhibits the same Larmor precession frequency and tem-
poral decay as the TRFR data showing that the same
spin states are probed by both techniques. The AC cur-
rent can be fitted by an exponentially decaying cosine
function
Ispin(t) = I0 · exp
(
− t
T ∗2
)
· cos (ωLt+ φ) , (6)
to extract the current amplitude I0, the spin dephasing
time T ∗2 and the respective phase φ, with the Larmor fre-
quency ωL determined by the electron g-factor g = 0.62.
As predicted for the spin-driven CEZ in Eq. (5), the
AC current in Fig. 1d is in phase (φ = 0◦) with the
z-component of the spin polarization which is directly
probed by TRFR (for comparison of phase see dotted
lines in Fig. 1 d and e). Moreover, the current amplitude
estimated from Eq. (5) for the sample parameters de-
termined independently (see methods and supplements)
I0 ∼ 0.2 µA is in agreement with the experimental data.
To further explore the dependence of the spin-driven
AC current on Bx, we show a series of CEZ mea-
surements at selected magnetic fields in Fig. 2a. It is
apparent that both the frequency ωL and the amplitude
I0 increase with increasing magnetic field strength (see
also Fig. 2b). At large magnetic fields of Bx = ±3 T
the spin precession frequency reaches f = 26 GHz
(see Fig. 2a). In contrast to TRFR, where the signal
amplitude is a measure of the total spin density and is
independent of the precession frequency, the amplitude
I0 of CEZ is determined by the Larmor frequency which
increases linearly with the magnetic field strength Bx,
see Eq. (5). When reversing the magnetic field direction,
the spin precession direction changes from clockwise to
counterclockwise explaining the sign reversal of I0 for
negative magnetic fields.
We note that there is a deviation from the expected
linear dependence of I0 on Bx from the CEZ theory at
small magnetic fields where the Larmor precession slows
down and spin dynamics becomes dominated by spin re-
laxation which is not included in the above equations.
The processes of spin relaxation of polarized electrons can
also give rise to the generation of an electric current, a
phenomenon known as the spin-galvanic effect (SGE)15.
Its current emerges in the third order in the SOI con-
stant and is driven by the in-plane spin component in
(001)-oriented structures while its amplitude ISGE does
not depend on Bx
21–24. Thus, CEZ and SGE can easily
be distinguished in time-resolved experiments (see sup-
plements). Because of the pi/2 phase difference between
the SGE and CEZ currents their amplitudes, ISGE and
ICEZ = KCEZBx, respectively, add quadratically to the
AC current amplitude
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Figure 2. Magnetic field dependence of spin precession driven
coherent Zitterbewegung. a, Time-resolved AC current along
the [110] direction in InGaAs at various magnetic fields. Lar-
mor precession frequency and magnitude of AC current in-
crease with increasing magnetic field strength while the sign
of the AC current reverses when reversing the magnetic field
direction. b, Amplitude I0 of AC current vs. applied mag-
netic field Bx. The linear increase of I0 with Bx indicates a
strong CEZ, with a weak SGE visible at small Bx. The red
solid line is a fit to Eq. (7).
I0(Bx) =
√
I2SGE + (KCEZBx)
2, (7)
where KCEZ is the strength of CEZ. This equation de-
scribes well the experimental data including the small
magnetic field range. At higher precession frequencies
we observe a slight deviation from the expected linear
behavior due to the limited high frequency band-width
of our device (3db point at 13 GHz).
As it follows from Eq. (5), the amplitude of the CEZ
current along the magnetic field direction B ‖ x which
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Figure 3. Dependence of coherent electron Zitterbewegung
strength KCEZ on the spin-orbit coupling constant βyx. The
data points are obtained from a number of InGaAs devices
where the AC current is probed along different crystal di-
rections. The overall linear behavior is consistent with the
predicted dependence in Eq. (5).
is determined by KCEZ, scales linearly with the SO
coupling constant βyx. Due to strain and partial strain
relaxation the InGaAs epilayers under study exhibit
k-linear SO coupling of both Rashba and Dresselhaus
types17. The resulting crystal axis anisotropy of SOI
gives us a set of devices from the same wafer with
different βyx (see supplements). For measuring βyx
we use the TRFR pump-probe technique and apply
an additional DC current I which converts into an
internal magnetic field Bint ∝ I (refs 25 and 26).
From the change in the spin precession frequency we
determine βyx for each device and find both Rashba and
Dresselhaus contributions. We conducted CEZ mea-
surements on seven devices along four crystal directions
(see Fig. 1a) and extracted the respective KCEZ and
βyx values which are summarized in Fig. 3. Despite
a certain device-to-device variation along the same
crystal direction, we clearly observe the predicted linear
dependence of KCEZ on βyx demonstrating that the
SO coupling plays the key role for the emergence of CEZ.
We have shown that electrons in III-V semiconductors
with spin-orbit coupling experience an inherent trembling
motion of quantum-mechanical nature. The Zitterbewe-
gung of individual electrons can be phase-synchronized
by initializing the electrons in the same spin states and
detected as an AC current oscillating at the Larmor fre-
quency of several GHz. The use of pulsed optical exci-
tation combined with time-resolved electrical detection
in systems with rather small Zeeman splitting provides
a promising pathway for exploring coherent Zitterbewe-
gung in other solid state systems. Additionally, the spin-
driven AC currents can be utilized as an ultrafast spin
sensitive electrical probe of electron spin precession where
5the detection scheme is solely based on SO interaction
free of any additional spin-sensitive magnetic materials.
We expect that spin-orbit-driven high frequency currents
can also be explored in other materials including topo-
logical insulators with inherent Dirac-like spectrum and
other 2D materials with strong spin-orbit interaction and
short spin lifetimes.
Methods
The samples consist of a 500 nm thick In0.07Ga0.93As
epilayer grown on a semi-insulating (001) GaAs wafer by
molecular beam epitaxy. The epilayer is doped with Si
to an electron density of n ∼ 3× 1016 cm−3 in order to
allow for long spin dephasing times27,28. The large thick-
ness of the In0.07Ga0.93As epilayer introduces a gradient
in the strain caused by the lattice mismatch to the un-
derlying GaAs substrate. Ge/Ni/Au contacts, defined
by chemical wet etching, were alloyed into the InGaAs
layer to provide ohmic contacts. The devices have an In-
GaAs area of 180 × 200µm2. They are cooled down to
50 K in a helium bath cryostat, providing long enough
spin dephasing time T ∗2 while the nuclear polarization
effects are negligible. Electrons are predominantly scat-
tered at static defects with a momentum relaxation time
of τp = 143 fs as determined by Hall effect measurements.
The momentum relaxation time τp is many orders of mag-
nitude shorter than the spin dephasing time T ∗2 that is
typically on the order of 2 ns.
The devices were mounted on a circuit board with ad-
ditional heat sinks and are connected to a 50 Ω coplanar
waveguide by three bond wires. The high frequency AC
current signal is amplified by 35 dB and recorded by a
50 GHz sampling oscilloscope. The current is calculated
by dividing the measured voltage by the impedance of
50 Ω and by the amplification factor. All AC current
measurements were conducted along the direction of ex-
ternal magnetic fieldB. For time-resolved measurements
the oscilloscope is triggered by a fast photo-diode illumi-
nated by the pulse train of the ps laser providing a fixed
time-reference.
For optical spin orientation, we use a mode-locked
Ti:sapphire laser with a pulse-width of ≈ 3 ps and a
pulse repetition rate of 80 MHz. The time between sub-
sequent pulses is much larger than the spin dephasing
time and the CEZ currents induced by the pulses do not
interfere. The initial spin polarization along z ‖ [001] is
created by pump pulses with an average power of 30 mW
with σ+/σ− helicities which are set by a variable liquid
crystal retarder.
For optical detection of spin precession in TRFR we
use linearly polarized probe pulses with an average power
of 500µW. A mechanical delay is used to monitor the
evolution of Sz(∆t) by measuring the Faraday rotation
angle Θ(∆t) ∝ Sz(∆t) by a balanced photo-diode bridge.
Both laser pulses are tuned to the Faraday resonance
(879 nm at T = 50 K) and are focused onto the center
of the InGaAs area with a full width at half maximum
value of 100µm.
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